I. INTRODUCTION
The Group-III-nitride semiconductors AlN, GaN and InN are widely used in optoelectronics and high power electronic devices. [1] [2] [3] AlN and its alloys are also used widely in energy harvesting devices and RF applications. 4 However, improved efficiencies are required for III-nitride-based ultraviolet (UV) light emitting diodes 5 , solar cells 6 and energy harvesting devices.
4
Group II-IV nitride semiconductors are of growing interest in this regards, as their bonding and crystal structures are related to those of the III-nitrides but they offer different combinations of band gaps and lattice parameters, thereby opening up additional possibilities for device design. 7, 8 For example: Zn-based II-IV nitrides, such as ZnSnN 2 , are of current interest for solar cells, 7, 8 whereas wide band gap II-IV nitrides, such as MgSiN 2 and MgGeN 2 , may find applications as part of UV optoelectronic devices.
9-11
Before new materials can be useful for applications it is required to establish the fundamental physical properties of these materials. Fundamental materials parameters are needed to design, characterise and simulate new devices effectively. For example, accurate elastic constants are essential for determining the composition of epitaxial films using X-ray difraction 12 and for assessing the critical thicknesses for strain relaxation in device heterostructures.
13
In this study, we will investigate the elastic properties of Mg-IV-N 2 for IV = Si, Ge and Sn using calculations based on density functional theory. Previous theoretical studies of Mg-IV-N 2 have focused on the electronic properties of MgSiN 2 , [9] [10] [11] 14, 15 9, 19, 20 and shown to have an orthorhombic crystal structure which is derived from the wurtzite structure. In the case of MgSiN 2 , polycrystalline elastic constants 21 as well as derived properties, 22 such as sound velocities and the Debye temperature, have been measured. Arab et al. 23 have calculated the elastic constants of MgSiN 2 previously, however, in their study Arab et al. were more interested in how the elastic properties varied under pressure than comparing the elastic properties of MgSiN 2 with other compounds. Here we will present the elastic properties of MgSiN 2 as well as MgGeN 2 and MgSnN 2 . In addition to presenting the elastic constants of the Mg-IV-N 2 systems, we will critically compare the elastic properties of these systems with wurtzite AlN, GaN and InN. In addition, we will also make comparisons to the Zn-based II-IV nitrides ZnSiN 2 , ZnGeN 2 and ZnSnN 2 for which calculations of the elastic properties have been performed by Paudel and Lambrecht. 
II. METHODS
Density functional calculations have been performed using the projector augmented wave (PAW) method 24 as implemented in the Vienna ab initio simulations package (VASP). 25, 26 We have used the PBEsol generalized gradient approximation 27 for the exchange-correlation energy functional. The plane wave energy cut-off was set to 800 eV and we have used Γ-centered k-point meshes with the smallest allowed spacing between k-points of 0.1Å −1 . The atomic positions and simulation cell shapes were relaxed until the Hellmann-Feynman forces acting on atoms were smaller than 0.001 eV/Å.
The elastic constants have been evaluated following Refs. 28 and 29 where the stress is evaluated from the application of a strain to the system and the elastic constants are evaluated from Hook's law σ =C , where σ is the stress, is the small applied strain andC is the elastic constants tensor. This approach has been used successfully to calculate the elastic constants of both zinc-blende 30 and wurtzite 31, 32 Group III-nitride alloys, producing accurate elastic constants with a relatively low computational cost. 28, 31, 33, 34 Here we evaluate the elastic constants for orthorhombic Mg-IV-N 2 , where IV = Si, Ge and Sn, (space group Pna2 1 ) illustrated in Fig. 1 and wurtzite structured AlN, GaN and InN. For an orthorhombic crystal there are 9 independent elastic constants which in the Voigt notation, where 1 = xx, 2 = yy, 3 = zz, 4 = yz, 5 = zx and 6 = xy, are given by c 11 , c 22 , c 33 , c 12 , c 13 , c 23 , c 44 , c 55 and c 66 . The wurtzite structure has 5 independent elastic constants c 11 , c 33 , c 12 , c 13 and c 44 , with a sixth elastic constant defined as c 66 = (1/2)(c 11 − c 12 ).
III. STRUCTURAL PROPERTIES
The orthorhombic crystal structure shown in Fig. 1 can be derived from the wurtzite structure by substituting one Group II and one Group IV atom for every two Group III atoms. The actual transformation follows as a = a 1 + 2a 2 and b = 2a 1 , where a 1 and a 2 are the lattice constants of the wurtzite lattice in the xy-plane while a and b are the lattice vectors in the xy-plane of the orthorhombic structure. The c lattice vector is common to both crystal structures. In the orthorhombic Pna2 1 structure all atoms occupy the 4a wyckoff crystal positions, with crystal coordinates x, y and z. In Tables I, II and III, we show the lattice constants and obtained wyckoff positions for the orthorhom- bic Mg-IV-N 2 systems. In Table IV we show the calculated lattice constants of wurtzite AlN, GaN and InN, together with experimental reference values. Overall, we find that the calculated structural parameters are in very good agreement with reported experimental structures for both Group II-IV and Group III nitrides, with differences of the order of less than 1% which is to be expected when using the PBEsol density functional. 27, 34 We also note that our calculated lattice constants for the II-IV nitrides are in reasonable agreement with previous work in which the electronic structure of MgSiN 2 was calculated using local and semi-local approximations for the exchange-correlation energy functional. 11, 15, 35 We note that the atoms in the orthorhombic Mg-IV-N 2 structure form a slightly distorted tetrahedral framework compared to pure wurtzite crystal structures which is clearly shown in Fig. 1 and discussed in detail in Refs. 16 and 19 . This distortion of the atomic arrangement is accomplished in order to accommodate the size difference as well as interatomic bond strengths between the Group II and IV elements in the II-IV nitride systems.
Since the orthorhombic structures are derived from the wurtzite structure, it is possible to define a wurtzitelike lattice constant for the orthorhombic structures, a w = (a/ √ 3 + b/2)/2, 16 as well as the deviation from a hexagonal lattice, ∆ w = |a √ 3 − b/2|/ā w . 16 Based on our calculations we find the average wurtzite-like lattice constant to be 3.144Å, 3.241Å and 3.425Å for MgSiN 2 , MgGeN 2 and MgSnN 2 , respectively. The deviation from hexagonality is found to be 6.1%, 4.2% and 0.8% for MgSiN 2 , MgGeN 2 and MgSnN 2 , respectively. MgSiN 2 therefore shows the largest deviation from a hexagonal structure while MgSnN 2 shows only a very small deviation. Compared to the III-nitrides, we note thatā w in MgSiN 2 is slightly larger than the in-plane lattice constant in AlN (3.144Å vs. 3.112Å), whileā w in MgGeN 2 is slightly larger than the in-plane lattice constant in GaN (3.241Å vs. 3.179Å). In MgSnN 2āw is intermediate between the in-plane lattice constant in GaN and InN (3.425Å vs. 3.179Å and 3.531Å, respectively). We also note that the wurtzite-like lattice constant in MgSiN 2 is only slightly smaller than the in-plane lattice constant in GaN (3.144Å vs. 3.179Å), and, in fact, the wurtzite-like lattice constant in MgSiN 2 is found halfway between the in-plane lattice constant of AlN and GaN. 41 Especially the c 44 elastic constant is very small according to Sheleg and Savastenko.
IV. SINGLE CRYSTAL ELASTIC CONSTANTS

40
The calculated PBEsol results are in very good agreement with the elastic constants measured by Morales et al.
41
For the Mg-IV-N 2 systems, we find that the elastic constants become smaller as the Group IV element is varied from Si to Sn, i.e. the same trend as for the Group III nitrides. However, the reduction in the elastic constants are less dramatic. We also note that MgSiN 2 and MgGeN 2 are softer than AlN and GaN, respectively, where the elastic constants of the Mg-IV-N 2 systems are generally softer or even significantly softer than in the corresponding Group III nitride. In fact, the c 11 , c 22 and c 33 elastic constants in MgSiN 2 are even smaller than the c 11 and c 33 elastic constants in GaN. We also find that the elastic constants in MgSnN 2 are similar in size to the elastic constants in InN. That the elastic constants in MgSiN 2 and MgGeN 2 are softer than in the corresponding Group III nitrides is beneficial since it will make it possible to grow these nitride phases on substrates with slightly expanded or contracted lattice constants with smaller strains than what is possible with the Group III nitrides. This is interesting since reducing strain in thin film growth will assist in reducing the presence of dislocations in the films.
There have been previous investigations of the elas- tic constants of the similar Zn-IV-N 2 systems and it is interesting to see how the elastic constants of these systems compare to the elastic constants of the Mg-IV-N 2 systems. In Table VI we show the elastic constants of ZnSiN 2 , ZnGeN 2 and ZnSnN 2 calculated by Paudel and Lambrecht 7 using the local density approximation (LDA). We note that the LDA has a tendency of overestimating atomic bond strengths which results in too high elastic constants compared to experiments. 34, 42 Even so, it appears that the Mg-IV-N 2 systems are significantly softer than the corresponding Zn-IV-N 2 system.
V. POLYCRYSTALLINE ELASTIC CONSTANTS
So far, all experimental studies of MgSiN 2 and MgGeN 2 have been performed using powders and therefore there are no single crystal studies to compare our calculated elastic constants for the Mg-IV-N 2 systems with. Although the single crystal elastic constants, c ij , cannot be determined, some bulk elastic properties have been determined experimentally for MgSiN 2 and are available for comparison to calculations. Here, the polycrystalline bulk moduli, B, and shear moduli, G have been determined from the elastic constants calculated for the Mg-IV-N 2 and the III-N systems using the Voigt-Reuss-Hill scheme [46] [47] [48] [49] 
respectively. 46 Since the Voigt and Reuss approximations represent the upper and lower bounds to the polycrystalline elastic bulk and shear modulus, Hill 49 proposed to use the arithmetic mean of the Voigt and Reuss extremes, i.e. G = (G V + G R )/2 and B = (B V + B R )/2. In terms of these elastic moduli the Young's modulus, E, and Poisson's ratio, ν, may be determined from standard relations between the Young's modulus, Poisson's ratio, bulk modulus and shear modulus.
46
The evaluated polycrystalline elastic moduli for MgSiN 2 , MgGeN 2 and MgSnN 2 are compared to AlN, GaN and InN in Table VII . It is clear that both the bulk and shear modulus decrease as the crystals become heavier for both Mg-IV-N 2 and III-N systems. The same is also true for the Young's modulus. Furthermore, we note that when comparing Mg-IV-N 2 and III-N systems the bulk modulus, shear modulus and Young's modulus of In Table VII , we also present measured elastic moduli of powder samples of MgSiN 2 21 and AlN. [43] [44] [45] We find that our calculations are generally in very good agreement with these experimental data. The calculated shear, bulk and Young's modulus are all slightly smaller than the experimental observations which is in line with the previously discussed small underestimation of the single crystal elastic constants.
We note that the shear modulus represents the resistance towards plastic deformation while the bulk modulus measures the resistance to fracture. A large shear modulus is also significative of a higher degree of directional bonding between atoms in the crystal. It is therefore clear, since the largest shear modulus and bulk modulus are obtained for MgSiN 2 and AlN among the two forms of nitrides, that the resistance towards both plastic deformation and fracture become lower as the nitride systems become heavier. The same trend is also valid for the stiffness of the Mg-IV-N 2 and III-N systems, since the Young's modulus is the largest within each nitride group for MgSiN 2 and AlN, respectively.
In Table VII we also present the quotient B/G, which was introduced by Pugh.
50 A high (low) value for B/G is related to a ductile (brittle) behaviour. The critical value which separates ductile from brittle behaviour is 1.75.
50
As can be seen in Table VII and InN are all above 1.75 and are therefore considered to be more ductile. We note that the B/G value for InN obtained by using the single crystal elastic constants obtained by Sheleg and Savastenko 40 is very large which is due to the significantly underestimated shear modulus compared to both our calculations and the experiment by Morales et al.
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The Poisson's ratio, ν, measures the stability of a crystal against shear and is also associated with the volume change during uniaxial deformation. ν = 0.25 and ν = 0.5 are the lower and upper limits for central-force solids. Furthermore, for ν = 0.5 no volume change occurs during elastic deformation and this limit also represent the case of infinite elastic anisotropy. A low value for the Poisson's ratio (ν < 0.25) suggests that the interatomic forces in the solid are non-central. We find that both MgSiN 2 and AlN have Poisson's ratios that are close to 0.25 and therefore close to the lower limit of central-force solids. As the Group IV and Group III element are varied the Poisson's ratio increases and reaches a maximum of 0.293 and 0.322 for MgSnN 2 and InN, respectively.
VI. ELASTIC ANISOTROPY
Apart from knowing the size of the elastic constants, it is also important to have an understanding of the elastic anisotropy in new compounds since anisotropy is an origin for microcracks or other types of defects.
51 For an orthorhombic crystal, the criterion for an elastically isotropic material is that there are only two independent elastic constants which are related by c 11 = c 22 = c 33 , Table V . In order to quantify the elastic anisotropy further it is required to have measures of the anisotropy that are valid for any crystal symmetry. Especially if we want to make a direct comparison between the Mg-IV-N 2 and III-N systems. Chung and Buessem 52 noted that a crystal is elastically isotropic when the Voigt and Reuss averages of the shear modulus are identical. It is therefore possible to define the percentage anisotropy in the bulk modulus and the shear modulus for any type of crystal structure as
and
respectively. In these expressions a value of zero represents elastic isotropy and a value of 1 is the largest possible anisotropy. Recently Kube 53 proposed an anisotropy index, A L that is valid for all crystal symmetries with the additional advantage that it provides a single measure of the elastic anisotropy of a crystal. The anisotropy index is defined in terms of the Voigt and Reuss averages of the bulk and shear modulus as
Note that the anisotropy index is zero if the crystal is elastically isotropic and that the more anisotropic the crystal is the larger the anisotropy index will be.
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In Table VIII we show the calculated anisotropy measures presented above. Among the Mg-IV-N 2 systems, we find that the anisotropy is the largest for MgSiN 2 and the lowest for MgSnN 2 . For the III-nitrides, the anisotropy is the lowest for AlN, while the largest anisotropy is found for GaN. We note that overall the elastic anisotropy is rather small in all investigated systems, even though the anisotropy is generally larger in the Mg-IV-N 2 systems, which is related to their more anisotropic crystal structures compared to the III-nitrides.
Compared to the Zn-IV-N 2 systems, we note that MgSiN 2 is more anisotropic than ZnSiN 2 (A L = 2.29), MgGeN 2 is less anisotropic than ZnGeN 2 (A L = 3.00) and MgSnN 2 is less anisotropic than ZnSnN 2 (A L = 2.30), even though the differences are small. Here the A L values for the Zn-IV-N 2 systems have been evaluated using the elastic constants shown in Table VI .
VII. SPEED OF SOUND AND THE DEBYE TEMPERATURE
Based on the knowledge of the the elastic constants it is possible to evaluate the speed of sound of a compound. Here we have calculated the speed of sound of polycrystalline samples as
for longitudinal and transverse waves, respectively, and ρ is the mass density of the crystal. The average sound velocity is given by
The Debye temperature is an important physical property of a solid. Due to the fact that vibrational excitations arise solely from acoustic vibrations at low temperatures, it is possible to calculate the Debye temperature at low temperatures from elastic constants data as
where h and k are Planck's and Boltsmann's constants, respectively, N A is Avogadro's number, M is the Molar mass, and n is the number of atoms in one formula unit, i.e. 4 in the case of MgSiN 2 and 2 in the case of AlN. In Table IX we present the velocity of sound and the Debye temperatures of the Mg-IV-N 2 and the III-N systems. We find that the Debye temperature in MgSiN 2 to be 866 K which is in good agreement with experimental Debye temperatures. In AlN, we find the Debye temperature to be 918 K which is lower than the experimental reference. It is clear, however, that the Debye temperature in MgSiN 2 is lower than in AlN. As the Mg-IV-N 2 and III-N systems become heavier the Debye temperatures become significantly reduced.
Regarding the velocity of sound in these compounds, we find that our calculated sound velocities are in very good agreement with available experimental results. We also find that the velocity of sound in MgSiN 2 is smaller than in AlN, while the sound velocities in MgGeN 2 and MgSnN 2 are larger than in GaN and InN respectively.
VIII. SUMMARY AND CONCLUSIONS
We have performed density functional calculations of the structure and elastic constants of Mg-IV-N 2 and III-N systems, where the Group IV elements are Si, Ge and Sn while the Group III elements are Al, Ga and In. It is found that MgSiN 2 should be possible to be grown on both AlN and GaN without significant strain, since the wurtzite-like lattice constant in MgSiN 2 differs only slightly from the in-plane lattice constants in both AlN and GaN. The same also holds for MgGeN 2 grown on GaN, however, for such a system the strain will be slightly larger compared to MgSiN 2 grown on, e.g., AlN.
The elastic constants in MgSiN 2 and MgGeN 2 have been found to be softer than in AlN and GaN, while MgSnN 2 have a similar hardness to InN. This works towards making it even easier for MgSiN 2 and MgGeN 2 to be grown on both AlN and GaN. A small lattice mismatch and softer elastic constants should reduce the number of dislocations and other types of defects if, for example, MgSiN 2 is grown on GaN compared to AlN grown on GaN.
The elastic anisotropy has also been evaluated and we find that the anisotropy in all investigated nitrides are relatively small and without any large differences between the anisotropy in the Mg-IV-N 2 and III-N systems. 
